An anomalous behavior-a change in polarity with the passage of time in the bulk heterojunction poly(3-hexylthiophene) (P3HT):6,6-phenylC61 butyric acid methyl ester (PCBM) organic solar cells-is reported here. This work is a continuation of our previous work where the initial degradation of the organic solar cells, freshly prepared up to 4 h, was mainly due to domain formation in the active layer. With the passage of time, the activity at the interfaces starts becoming significant. A decrease of V OC and J SC , leading to a change in polarity, has been reported and explained up to 300 h after fabrication.
Introduction
The low efficiency, short shelf life and poor stability of organic solar cells are the main reasons why these devices have not been commercialized yet. Although the reported efficiency is about 6-8% [1, 2] , degradation is the main problem. Therefore, the primary aim is to check the degradation process, and for that purpose it is essential to find the mechanisms responsible for the degradation. A number of researchers have pointed out qualitatively various degradation mechanisms [3] [4] [5] [6] [7] . We believe that the rate of degradation and the responsible dominant mechanism are different for different structures, and there is a need to identify them. Life spans of bulk heterojunctions are very likely dominated by the formation of interface states, the rate of interfacial charge transfer and the shift in the Fermi level [8] . In this paper, the interface/surface states and shift in the Fermi level (pseudo Fermi level) [9] are mainly held responsible for the observed degradation.
The properties of the interface between the various layers and electrodes are responsible for shaping the J-V characteristics. It has been reported that the dipole formed at the interface, the work function of the electrodes (anode and cathode) and the energy level (highest occupied molecular orbital (HOMO)-lowest unoccupied molecular orbital (LUMO)) of the organic material contribute significantly to J-V characteristics [10, 11] .
Our previous work [12] showed that during the initial degradation (freshly prepared up to 4 h) there is insignificant change in open circuit voltage V OC and a significant change in short circuit current, J SC . This is because of the growth in size of domains, leading to an increase in the surface area and hence a decrease in J SC . When the cells were studied beyond 4 h up to 300 h after fabrication, it was found that there was a significant decrease in both V OC and J SC . The degradation continued and cells showed a change in polarity a few hours after fabrication.
Experimental details
Various solar cell structures were prepared on patterned indium tin oxide (ITO) glass (18 sqr −1 ) using the technique reported in our work [12] . Patterned ITO-coated glass substrates were ultrasonicated in soap solution and cleaned thoroughly with distilled water to remove the soap. The substrates were then cleaned by boiling in acetone for 15 min, followed by similar cleaning in trichloroethylene and isopropanol. The substrates were dried in a vacuum oven at 120
• C for 30 min. Finally, the substrates were exposed to oxygen plasma for 5 min to increase the surface wettability. PEDOT:PSS was spin coated at 2000 rpm for 2 min on the substrates. The samples were annealed at 100
• C for 15 min in a vacuum oven. To prepare the active layer, a solution of poly(3-hexylthiophene) (P3HT):6,6-phenylC61 butyric acid methyl ester (PCBM) (1 : 1 ratio by weight) was taken in chlorobenzene and spin coated at 1000 rpm for 2 min to form a ∼170 nm thick layer. The samples were finally annealed at 120
• C for 15 min. In all these structures, the Al electrodes were thermally evaporated in vacuum of 4 × 10 -6 torr. The following structures were fabricated and studied: The photovoltaic characterization of all the uncapsulated devices was carried out under illuminated conditions using a solar simulator SS50AAA with 100 mW cm −2 power intensity. The organic solar cells were illuminated from the ITO side and current-voltage characteristics were measured using a Keithley 2400 source meter unit. The cells were not under constant illumination and were exposed to light only when the measurements were carried out. The measurements for all the devices were carried out one by one immediately after deposition and then all the devices were stored under the same clean room environmental conditions (under normal atmospheric pressure and temperature). The J-V measurements on these devices were carried out at regular time intervals up to 300 h after fabrication. During ageing, the following factors contribute:
Results and discussions
• Degradation of electrodes, ITO and Al • Degradation due to a change in the active polymer layer • Degradation due to exposure of PEDOT:PSS to moisture
• Degradation due to changes at ITO/PEDOT:PSS, PEDOT:PSS/P3HT:PCBM and P3HT:PCBM/Al interfaces.
The net effect can be physically explained in terms of the following:
• Shifting in HOMO-LUMO level of polymer blend • Changes in the work function of ITO and Al.
The results are best explained with the help of proposed mechanisms shown schematically in figures 2(a)-(c) . Figure 2(a) presents the band diagram of a freshly prepared P3HT:PCBM blend solar cell. Figure 2(b) shows the band diagram after donor-acceptor domain formation sets in during initial degradation, whereas figure 2(c) shows the proposed modified energy levels for long-hour (beyond 40 h) degradation. The degradation may be attributed to a shift in HOMO-LUMO level by introduction/diffusion of impurities such as Al and In or their corresponding cations [13, 14] , molecules of O 2 and H 2 O [4] . We believe that the interlayer formation at various interfaces introduces interface states, resulting in a change in HOMO-LUMO of the active layer and the work function of electrodes. The interface states may also be introduced due to other factors such as (i) moisture/oxygen, (ii) chemical reaction at the interface and (iii) impurities. The shift of various energy levels, upward or downward, depends on the interface and the interfacial dipole changes [10] . The change in Al work function to −3.3 eV is approximately the same as that reported by Toyoshima et al [9] . The work function of ITO can vary from −4.3 to −5.1 depending on the stoichiometry, organic contamination and oxidation type [15] , and we have assumed it to be shifting to about −5.0 eV and this explains our experimental behavior. Further, approximate changes in HOMO-LUMO levels in the active material have been shown in figure 2(c). It is clear from figure 2(c) that there is a good probability of movement of hole from modified P3HT HOMO (−5 eV) to a pseudo work function level of Al (−3.3 eV). The origin of the pseudo work function is the introduction of interface states generated through chemical interaction between active material and the electrode [9] . Similarly, on the other hand, the electrons have a probability to reach ITO through PEDOT:PSS. Under this situation the Al electrode will become positive and the ITO electrode will become negative, i.e. a change of polarity with time. The situation in figure 2(c) will arrive at different times for different structures, depending on the nature of active layer/interface and therefore the time of change of polarity will also vary as shown in table 1. As an example of S1 (without LiF) the degradation is very slow but when the structure is modified by putting LiF (S4) between the active layer and aluminum, the current improves slightly but the cell degrades fast, leading to a change in polarity after about 170 h after fabrication. This may be attributed to the fast degradation of LiF/Al electrode. The same argument can be given for S2 and S5 that are without ITO. The cells without ITO are not good because the current density is very small. Here also the change in polarity can be explained on the basis of figure 2(c) discussed above. Similarly, in S3 and S6 the degradation is very fast, because of which the situation shown in figure 2(c) is reached very fast (∼40 h). The removal of PEDOT:PSS is not a good choice in making a solar cell because it helps holes to move. It may be pointed out that just before the change of polarity (where V OC ≈ 0) there is an equal probability of collecting electrons and holes at the electrodes. In other words, the holes and electrons travel in both directions in the device. In the fresh device the interfaces and barriers at the interfaces enable the net current flow to be in one direction. Upon degradation this balance may tip and cause the net change in polarity as observed. Attempts can be made to check the cell degradation once the dominant mechanism is known and effective measures can be taken such as proper encapsulation, improved morphology and good electrode contacts. Theoretical calculations are underway to explain the result quantitatively.
Conclusion
It can be concluded that the various degradation mechanisms are responsible for the decrease of V OC and J SC , leading to a change in polarity with time as observed by us, and their net effect is to change the energy levels of the donor-acceptor composites and to shift the work functions (pseudo work function) of Al and ITO electrodes. With the passage of time a situation occurs that the direction of carrier collection probability reverses. This leads to a change of polarity of the organic solar cell. There is a need to control the interface states at the surface of the electrode by chemical modification, say by polar species, and shield the diffusion of impurities at the interfaces by adding a densely packed small molecule interlayer.
